Abstract Classical molecular dynamics has been used to study the interactions between tungsten (W) plasma-facing materials (PFMs) and dust grains. The impact velocity of dust grains is in the range from 324 m/s to 3240 m/s. The main effect of dust grains with low impact velocity is deposition. However, a material surface can be damaged by high velocity dust grains. The cumulative damage of impacting dust grains has also been take into account. When the impact velocity is low, no significant damage is detected but a porous firm forms on the surface. Serious damage can be produced on PFMs if the impact velocity is high.
Introduction
Dust grains ranging from several nanometers to a few hundreds of micrometers exist widely in fusion devices, and can cause a series of safety problems and operation difficulties (Refs. [1] [2] [3] [4] [5] and the references therein). Therefore, dust issues have attracted more and more attention in recent years and have been studied both experimentally and theoretically [6−14] . On the other hand, all-metal plasma facing materials (such as the combination of Be and W or all-W) will be used in ITER, and metallic dust grains can be produced in various PFMs interaction processes, such as arcing, surface melting and vaporization, fatigue by thermal overloading, and flaking of re-deposited layers [15−17] . Transient plasma conditions such as disruption and ELMs also play an important role in dust production [18] . Therefore, research on metal dust is necessary and urgent. Both experimental and theoretical studies have been performed on metallic dust. M. Ueno et al. studied the conditions for the release of a metallic dust particle from PFMs [19] . Simulations on the transport of W and Be dust grains were performed in Refs. [20] [21] [22] , while metallic dust behaviors on the first wall were analyzed in Refs. [23] [24] [25] . Aerogels have been used to collect dust particles bombarding on PFMs in HT-7 [26] and TEXTOR [27, 28] in order to analyze their amount and velocity distribution. In addition, high-velocity metal dust grains of the order of 10 km/s have been detected in FTU [29, 30] . High-velocity dust grains can seriously damage a PFMs surface, which may produce more dust grains or impurity atoms.
In the present research, classical molecular dynamics is used to study PFMs damage caused by nanometersize dust grains, and to investigate the whole dust impact process and details of dust movement in PFMs. The velocity of impact dust is selected from 324 m/s to 3.24 km/s, which basically covers the velocity range of dust in fusion devices. Both low and high dust density conditions are taken into account and the results show that the dust density can significantly influence the topography of a PFMs surface.
Simulation method
Molecular dynamics (MD), specifically the LAMMPS code, is used to study the process of dustPFMs interactions [31, 32] . The dust grains and the PFMs are both tungsten. The potential used to describe the forces between atoms is an embedded atomic method (EAM) potential, namely, Finnis-Sinclair potential [33] . An additional Ziegler-Biersack-Littmark (ZBL) repulsive pair potential is used when the distance between atoms is smaller than 1.6Å to improve the compressibility in high energy cases [34] . The structures of both dust grains and PFMs are body-centercubic (BCC), of which the lattice constant is 3.1652Å. The surface plane of the PFMs is the (0 0 1) plane.
Two impact directions are selected, one is parallel with the normal direction, and the other is 45
• to it. The dropping point of dust grains is randomly selected. An automatically adapted time step is used and the minimum and maximum time steps are 0.01 fs and 1 fs, respectively. Periodic boundary conditions are used for the directions perpendicular to the PFMs surface and non-periodic boundary conditions for the parallel one. The temperature of the system is 300 K. The shape of the dust grains is selected to be spherical. To keep the PFMs temperature from increasing through the dust impacts, the edge and bottom parts of the PFMs are covered by a thermostat layer of 6Å in thickness.
The radius of an individual dust grain, which contains over 1000 atoms, is 1.6 nm. It has about lattice constant that is 5 times that of the BCC tungsten material. The speed of dust grains in tokamak devices ranges from several hundreds of meters per second to 10 km/s. In order to cover the velocity range, the impacting energies are selected to be 100 eV, 1 keV and 10 keV per dust, and the corresponding velocity are 324 m/s, 1025 m/s and 3240 m/s.
3 Simulation results and discussion
Single dust impact
The final state profiles of dust-PFMs interactions are shown in Fig. 1 . The sectional plane is parallel to the dust impact direction and crosses the dropping point. No sputtered atoms are found in the impact process under all conditions. When the impact velocity is 324 m/s, as shown in Fig. 1(a) , dust grains stick to the surface of the PFMs and their shape remain almost spherical, viz, the shape of the dust grains does not change significantly. The surface of the PFMs is not damaged. Normal impact and the 45
• impact of dust grains are similar in the final state. For the 1025 m/s case, as shown in Fig. 1(b) , impact dust grains remain unsplit, though their shapes change significantly. The structure of the PFMs surface is not changed by dust impact either. When the impact velocity is as high as 3240 m/s, the impact dust grains are totally destroyed by the violent interactions between the dust and the PFMs, and they break into single atoms and small pieces. Meanwhile the surface of the PFMs is ruined. The penetration depth of the dust grains into the PFMs is about 1-4 nm, as shown in Fig. 1(c) . Compared to normal impact dust, 45
• impact dust distributes wider but shallower area. The crater on the PFMs surface is unobvious because the crater is covered by dust atoms. Fig. 2 shows the z-coordinate of dust grains as a function of time. The z-coordinate of dust grains is defined as the z-coordinate of the mass center of dust. When impact velocity is 3 km/s the dust grains break into pieces, but the mass center can still be defined mathematically and used to indicate the center value of the distribution of dust atoms. When impact velocity is 3240 m/s, the landing of dust grains is soft and smooth. When impact velocity is 1025 m/s, the z-coordinate curve is similar to but lower than that in the 324 m/s case, because of the deformation of dust grains. When impact velocity is up to 3240 m/s, the dust grains penetrate into the PFMs and are bounced back. Because of the attractive force between atoms, dust grains cannot escape from the PFMs. After about 0.2 ps, the z-coordinates of the dust grains become zero and remain unchanged. This means that most of the dust atoms lie on the very surface of the PFMs. The results of Fig. 2 are consistent with those of Fig. 1 . Grains (also called clusters, a term which is usually used in material sciences) and surface interactions can be divided into three types: low-energy impact, pinning and high-energy impact. When the kinetic energy of grain atoms is lower than the coherent energy of dust, such impact is considered as a low-energy impact, which is also called soft landing or deposition. In this energy range, dust grains do not deform significantly and stick on the PFMs. Pinning is the transition from low-energy impact to high-energy impact. Pinning implies that when the impacting energy is slightly above the coherent energy of dust grains, the bonds between atoms will be broken and, as a result, the grains deform plastically or even dissociate. When the impacting energy is as high as a few tens or hundreds eV per atom, such impact is considered as high-energy impact. Highenergy impact can lead to significant radiation damage on PFMs and sputtering of surface atoms.
When impact velocity is 324 m/s or 1025 m/s, the corresponding kinetic energy is 0.1 eV and 1 eV per atom, respectively. Such kinetic energy is much less than the coherent energy of W, which is 8.9 eV. In such a case, few bonds between W atoms break and, as a result, both the dust and the PFMs surface are not significantly damaged. When impact velocity reaches 3240 m/s, the corresponding kinetic energy is 10 eV, which is above the coherent energy of W, and the impact enters the "pinning" range. Because the mass of dust atoms is equal to that of the PFMs atoms, according to collision theory, the dust's kinetic energy can be totally transported to the PFMs atoms. The collided atoms get enough kinetic energy to escape from the original lattice and move into deeper parts of the PFMs. Analysis indicates that over 4400 atoms are knocked out of the original lattice and move to other places in the PFMs, i.e., many more atoms are knocked out compared with the cases of 324 m/s (34 atoms knocked out of the lattice) and 1 km/s (254 atoms). That is the reason why the dust with high velocity can destroy PFMs.
Cumulate effects of dust impact
It is observed that generally a single dust grain cannot produce significant damage on a PFMs surface. However, when several dust grains land on the same location on the surface of a PFMs, the results are different. In the present research, 20 dust grains are assumed to land on the surface of a PFMs one by one with about 15 ps time-lag. The previous section shows that the time of the whole dust-PFMs interaction is less than 0.2 ps, so 15 ps is long enough to make different dust impacts mutually independent. The drop point of each dust grain is randomly selected. Fig. 3 shows a vertical section of a PFMs surface which has been bombarded by several dust grains. When the impact velocity is 324 m/s, impacted dust grains pile up on the PFMs surface as shown in Fig. 3(a) . Some atomic layers located on the top of PFMs surface can be ruined by the impacting dust grains, which is different from the result of single dust impact. If the impact velocity is 1025 m/s, the dust grains will form a layer of dust on the surface of the PFMs, as shown in Fig. 3(b) . When the impact energy of the dust grains is up to 3240 m/s, the damage on the PFMs surface is quite serious. A mixed layer is formed which consists of atoms from both the PFMs and the dust. The PFMs surface structure is destroyed, of which the density decreases. In such case, sputtered atoms are detected. Also because of the decrease of density, the subsequent dust grains penetrate more easily into the PFMs, and it is even possible for a significant crater to form on the PFMs surface.
(a) E0 = 100 eV, (b) E0 = 1 keV, (c) E0 = 10 keV Fig.3 Profiles of the states after multiple impacts of dust grains on the PFMs It is shown that when dust density is high, the accumulate effect of dust impact is significant, and dust grains can significantly influence the PFMs even when impact velocity is as low as 324 m/s. On the other hand, when impact velocity is 3240 m/s, the accumulated effect of dust impact can seriously damage the PFMs.
Soft landing has been studied widely in material sciences, for instance, Mn n and Fe n on a Si surface, Au n on a Au surface, Co n and Ni n on a glass surface, etc., where the subscript n indicates the number of atoms in one grain (or cluster). H. Haberland et al. simulated Mo 1043 grain impact on a Mo (0 0 1) surface with kinetic energy of 0.1 eV, 1 eV and 10 eV per atom [36] . The results are quite similar with the results of this paper. Soft landing is used to produce nanometer-size porous films on the surface. Such films can exhibit specific absorption bands in the optical spectra. Porous film can also be used in magnetic applications. However, in fusion devices, such nanometer-size porous films can increase the superficial area of PFMs and thus increase the deposition of hydrogen and other elements. Furthermore, the generation of films on PFMs can change the thermo and electromagnetic properties of PFMs and cause unexpected influences on edge plasma. The accumulating effects of dust impact can also decrease the service life of PFMs.
Conclusion
An MD simulation of dust-PFMs interaction is performed in the present research. When the dust density in the fusion device is low, it is impossible for two dust grains to drop on the same location, and thus the interaction between the dust and the PFMs can be treated as single dust impact. In such a case, the effect of dust impact is quite small if the impact velocity is in the range of 324-3240 m/s. And the structure of the PFMs surface is not significantly changed. However, several atomic layers of a PFMs surface can be destroyed by multiple impacts of dust grains, even if the velocity of dust is 324 m/s. A thin film of dust atoms can form if the dust velocity is up to 1025 m/s. When the impact velocity is as high as 3240 m/s, a film will be generated which contains both PFMs and dust atoms. This conclusion implies that the control of dust density is important to prolong the service life of PFMs.
